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Abstract. Providing protection against the hazards of space radiation is a major challenge to the exploration and
development of space. The great cost of added radiation shielding is a potential limiting factor in deep space
operations. In this enabling technology, we have developed methods for optimized shield design over multi-segmented
missions involving multiple work and living areas in the transport and duty phase of space missions. The total shield
mass over all pieces of equipment and habitats is optimized subject to career dose and dose rate constraints. An
important component of this technology is the estimation of two most commonly identified uncertainties in radiation
shield design, the shielding properties of materials used and the understanding of the biological response of the
astronaut to the radiation leaking through the materials into the living space. The largest uncertainty, of course, is in the
biological response to especially high charge and energy (HZE) ions of the galactic cosmic rays. These uncertainties
are blended with the optimization design procedure to formulate reliability-based methods for shield design processes.
The details of the methods will be discussed.

INTRODUCTION

Following the Apollo mission, Human Exploration and Development of Space (HEDS) activity has been limited to
low Earth orbit (LEO). With the advancing International Space Station (ISS) providing a first level of infrastructure
for human exploration, preparation for additional HEDS activity beyond LEO is the natural extension of the current
space program. Without dispute, providing protection for astronauts and equipment from the hazards of space
radiation is a critical enabling technology (for HEDS) and one of NASA’s two highest priorities (O’Keefe, 2002).
Faced with a limited budget and an expanding space exploration program, the old way of doing business is
inadequate and NASA requires revolutionary technologies to make advances.

Radiation health-risk mitigation in the advancing HEDS program will utilize an array of methods to control adverse
health effects. These are well defined by Cucinotta et al. (2001) and includes advanced propulsion systems, crew
selection, biological countermeasures, and operational approaches. Fundamental to risk mitigation is the advance in
knowledge of the radiation risk coefficients for which large design margins are presently required. As suggested by
Cucinotta et al. (2001), reducing the risk uncertainty is a “cost effective approach using data collection and research”
to possibly add years to the careers of space workers. It is the purpose of the present development to incorporate our
current state of knowledge of radiation risks into the shield design process. Such a development will allow
evaluation of radiation risk-uncertainty impact on shield design, allow the design of reliable shielding for future
missions, and quantify the advantage of future research in terms of strict engineering practice.

In view of the uncertainties in biological response to cosmic radiation and lack of a definitive criterion for
acceptable levels of risks for deep space missions reliability based methods for radiation shielding and protection, as
discussed herein, are of enormous importance to human exploration and development of space. Even if a definitive
criterion were available for deep space missions, uncertainties in biological response to deep space radiations would
remain with us for a long time. Hence, the reliability based methods for the design process for radiation protection
and shielding will continue to play a significant role for space exploration for many years to come.

The NCRP (1989) suggestion that the LEO exposure limits be used as a guideline for deep space mission studies,
uncertainties in those limits as applied to deep space would be a major driver in mission costs (Wilson et al., 1997).



Although the basic physics of shield evaluation has made great progress (Cucinotta et al. 1998, Shinn et al 1998,
Wilson et al. 1998, Golovchenko et al. 2002), the primary uncertainty in shielding estimates result from the large
uncertainty in biological response to high charge and energy (HZE) ions of the galactic cosmic rays (Cucinotta et al.
2001). In the present study, we will begin the development of a software framework to evaluate the best solution to
shielding problems under the limitations of biological uncertainty. In essence, the distribution of probable biological
response (related to uncertainty) will be used to evaluate the phase-space of probable shielding solutions. The best
shield solution corresponding to a specified confidence level of biological risks will provide a means of entering this
uncertainty into the design process. Thusly, design reliability is assured within current knowledge by robust design
processes that can be specified to a given level of reliability. To make such methods practical, each probable design
needs to be optimized with respect to onboard materials and across the mission architecture (Wilson et al. 2001,
2002, Tripathi et al. 2001, 2002). Optimization frameworks are developing and preliminary analysis of reliability
based methods is the focus of the present paper.

The development of reliability based methods are dependent on shield analysis software and the ability to calculate
the quantities required for reliability design processes and further enable design optimization across mission
architectures. An enabling technology to accomplish such tasks is the development of highly efficient deterministic
computational procedures (Wilson et al. 1991, Tripathi et al. 2001, Wilson et al. 2002) for shield evaluation able to
provide high-quality estimates of the improbable events so important to biological injury (Wilson et al. 1995). Ata
practical level, this means evaluation of radiation field quantities within complex structures within minutes to enable
optimization procedures (Qualls et al. 2001, Nealy 2003).

In the present paper, we will first review the underlying quantities to be considered and their implementation into the
design process. We will then use this development to examine a typical Mars mission and evaluate the impact of
reliability design methods compared to nominal methods suggested by the NCRP (1989). In this application we will
only consider the travel to and return from Mars since a short stay on the surface with the added protection of the
atmosphere minimizes the shielding requirements on the surface. Clearly future developments will require a more
complex mission scenario and optimization across a more complex array of habitats and vehicles. We will then
review the implications of the reliability design process on shield design software and computational requirements
on quantities to be evaluated to enable reliability-based design within a multidisciplinary design environment.

SPACE RADIATION ENVIRONMENT AND BIOLOGY

The basic requirement on astronaut exposure limitations established by the National Council on Radiation Protection
is that radiation induced excess fatal cancer risks from career exposures are to be limited to be less than 3 percent
and early radiation syndrome (nausea, vomiting...) is to be avoided (NCRP 1989, 2001). Qualitatively, this is
similar to the requirements for terrestrial radiaiton workers. The radiation environment in low Earth orbit (LEO) is
of such a character that career radiation exposure limits have been given by the NCRP in terms of a local tissue
related quantity known as dose equivalent (Seivert, NCRP 2001) given by

H=[Q) D, dL )

where Q(L) is the quality factor (ICRP 1991) relating to the difference in induced risk of differing particle types
delivering the same dose and D is the dose (Gray) from components with linear energy transfer between L and L +
dL. Note that equation (1) breaks the convention of the ICRP (1991) who have recommended radiation field
weighting factors for estimation of fatal cancer risks which does not depend on the local tissue field. The argument
given by the ICRP is that the uncertainty introduced through such a nonlocal approximation is indicative of the
uncertainty in risk estimation methods in distinction to equation (1) that gives the appearance of a quantified risk.
The approach by the NCRP in recommending equation (1) allows a quantitative treatment of uncertainty as noted by
Cucinotta et al. (2001) and enables the development of reliability based methods, as we will show herein. The LEO
environment consists mainly of particles of a restricted range of LET for which data on relative biological
effectiveness was reasonably known (see Fig. 1) and dose limitations are given by the NCRP in this case (2001). In
the figure, the eye exposure is given as an example and it is seen that the dominant component is the trapped
protons. At lower altitudes the trapped protons decline leaving the cosmic ray exposures somewhat more important.



The RBE associated with early radiation syndrome have been recently defined by the NCRP (2001) to relate to a
new quantity Gy-Eq in terms of field quantities (nonlocal quantity) as

Gy-Eq = 2 RBE; D; (2)
where RBE; is the relative biological effectiveness of the ith field component resulting in dose D; to the specific

tissue. Limitations on dose equivalent and Gray equivalent have been given by the NCRP for LEO operations as
given in tables 1 and 2.
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FIGURE 1. Eye Dose Equivalent at 650 km with Aluminum Shielding.

The present exposure constraints used in the space program are recommended for low Earth orbit (LEO) operations
by the National Council on Radiation Protection (NCRP 2001) and approved by the NASA Administrator and
OSHA. There are no limits for deep space operations due to the unusual composition of the GCR and the resultant
uncertainties in associated health risks (Cucinotta et al. 2001). The LEO limits are given for the three critical organs
of skin, ocular lens, and blood forming organ (BFO) in table 1 and table 2 applies to whole body exposure and
implies appropriate average over the body tissues (NCRP 2001).

TABLE 1. Recommended Organ Dose Equivalent Limits for All Ages.

BFO, Sv Eye, Sv Skin, Sv
Career See Table 2.2 4.0 6.0
Annual 0.50 2.0 3.0
30 Days 0.25 1.0 1.5

TABLE 2. Career Whole Body-Dose Equivalent Limit (Sv) for Lifetime Excess Risk of Fatal
Cancer of Three Percent as a Function of Age at Exposure.

Age 25 35 45 55
Male 0.7 1.0 1.5 2.9
Female 0.4 0.6 09 1.6




In addition to the trapped radiations and the galactic cosmic rays able to penetrate the geomagnetic field to LEO,
there are occasional solar particle events able to penetrate the geomagnetic field. The solar particle source is mainly
composed of protons of similar quality as the trapped protons and the limitations in tables 1 and 2 are applicable.
The implications of the galactic cosmic ray exposures on LEO operations have not been fully evaluated with respect
to exposure limitations.
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FIGURE 2. Galactic Cosmic Ray Spectra in Charge (Z) and Energy (E).

Beyond the geomagnetospheric, the galactic cosmic rays (GCR) are the dominant long-term exposure hazard.
Generally for deep space operations, the provision of protection from galactic cosmic rays will provide most, if not
all, the protection required from solar particle events. The GCR are ions of every known element with spectra
spanning rather modest energies to very high energies (Fig. 2). Although mostly protons and helium ions, the high-
energy heavy ions or HZE ions deliver a large fraction of the dose equivalent. The LET of a given ion is
proportional to the square of the charge and a very broad range of LET is encountered beyond LEO for which there
is little biological data.

As given in equation (1), the cancer risk is related to the LET distribution of the dose modified by the quality factor
Q(L). Control of cancer risk is accordingly to control the LET distribution of particles and in this not all materials
are equal (Wilson et al. 1995). The LET is dependent on ion type and energy that is modified by fragmenting the
ions in nuclear processes to different ion types and slowed in speed by atomic interactions. Both processes depend
on the composition of the material. A third related process is the generation of new particles by collision with the
complex nuclei in the shield material. One must balance these three processes in selection of material with which to
construct the shielding to protect the astronauts (Wilson et al. 1995, 2002).



The most efficient shielding material is provided by liquid hydrogen (Wilson et al. 1995). It shows the greatest
attenuation of high LET components with minimal addition of troublesome secondary radiations (see Fig. 3). Also
relatively efficient is water also shown in Fig. 3 for comparison. Aluminum has been shown to be a poor material
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FIGURE 3. LET Spectral Dependence on Shielding Material: (a) Liquid Hydrogen and (b) Water.

for spacecraft construction since secondary radiations create an additional hazard and any improved protection
occurs only at very large depths (Wilson et al. 1995). Materials with even higher atomic numbers than aluminum (Z
= 13) are progressively more hazardous. Even local in sifu materials need to be used with care because of the nature
of the secondary radiations produced. The augmentation of local materials with polymer binders can help in
controlling secondary radiations (Kim et al. 2001) but requires more development, testing, and complete evaluation
for the specific application. Some of the required tools for this evaluation are the subject of the present paper.

In application of equation (1) in setting exposure limits, the NCRP assumed a linear relation of excess fatal cancer
risk to dose equivalent as is appropriate for low dose and low dose rate exposures given by

R(A,G) = [ro(A,G)/DDREF] | D; Q(L) dL 3)

where 1o(A,G) is the age A and gender G dependent risk coefficient for the high dose rate exposures in the a-bomb
detonations of WW-II. The quality factor Q(L) is defined by the ICRP (1991) according to observed RBE factors.
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FIGURE 4. Probability Distribution of Quality Factor Xq,. FIGURE 5. Probability Distribution of Xpprg.



The dose and dose rate effectiveness factor, DDREF, was derived from animal experiments and taken by the NCRP
as a factor of two in the setting of dose limits (NCRP 1997). The uncertainty in application of equation (3) is
discussed by Cucinotta et al. (2001). In the present study we will consider the two main sources of uncertainty
being that in Q(L) and DDREF.

To illustrate the approach, we follow Cucinotta et al. (2001) in modeling the uncertainty in equation (3) whereby the
nominal values of Q(L) and DDREF are replaced by stochastic variables X and Xpprer as

R(A,G,x) = [1o(A,G)/Xpprer] ] DL XodL 4)

where the k is a statistical variable denoting R(A,G,k) to be a member of a population of possible biological
response models associated with the uncertainty in Q(L) and DDREF. The probability function of X depends on
the LET as shown in Fig. 4 as found by Cucinotta et al. (2001) after examining a broad range of RBE measured over
a broad range of LET. Similarly, the probability distribution function of Xpprgr is given by the NCRP (1997) as

shown in Fig. 5.

We will now examine the impact of these uncertainties on the design of spacecraft in simple geometry to begin to
understand the impact of biological uncertainty on the mission design. The first step in the process has already been
taken by Cucinotta et al. (2001). An example is that shown in Fig. 6 where the range of risk within an aluminum
shell shield is shown as a function of shield thickness. In the figure is shown the range of risks implied by
uncertainty in the risk model factors including the uncertainty in the physical parameters associated with shield
evaluation. Again, in the present study we consider only the two uncertainty factors in Figs. 4 and 5.
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FIGURE 6. Range of Risk Uncertainty within an Aluminum Shell (Cucinotta et al. 2001).

RELIABILITY SHIELD DESIGN

It is desirable to setup the reliability design problem so as to most easily integrate into the mission architecture
software derived on the basis of nominal risk coefficients. In that formalism, we used the nominal limits given by
the NCRP (2001) based on nominal risk coefficient used in LEO constraints found in tables 1 and 2. We rewrite

equation (4) as
R(A,G,x) = [ro(A,G)/DDREF] | M(L, x) Dy (x) dL )

where DDREF is two as concluded by the NCRP (1997) and D(L,x) is the distribution of dose over LET within a
spherical shell of thickness x assuming the physics related uncertainties are negligible. The function M(L, x) is an
off-nominal LET dependent modifying function in which all biological uncertainty resides and is numerically equal
to Q(L) for the nominal risk. In this way the uncertainty is assigned to the evaluation of “dose equivalent” but is



Mass (ton)

70

60

50

40

30

20

otherwise directly related to the dose limits in table 2. The dose equivalent in this context is given as a stochastic
variable by

H(x, k) =] M(L, ) Dy (x) dL (6)

Then the requirement of limiting the lifetime excess fatal cancer risk given by equation (5) to less than three percent
is equivalent to limiting the value of dose equivalent as given by equation (6) to be less than the nominal exposure
limits in table 2.

In its simplest form the design process can be implemented as follows. For a given shield thickness x, there is a
stochastic sequence of associated risks R(A,G,k). The shielding is acceptable to a given confidence level (CL) when
CL percent of the risk sequence lies below three percent. One must seek to find a value of x that satisfies this
requirement. If a mission using this shield configuration was sent on such a mission then we are confident that the
excess fatal cancer risk to the astronaut would not exceed three percent as a result of the mission with a level of
confidence CL. The present formulation is the simplest form of the method and is next to be combined with the
mission architecture profile optimization and multidisciplinary optimization procedures.

AN EXAMPLE APPLICATION

To demonstrate the method, we consider a two-year mission to Mars with a mixed crew of six. The optimum
volume of living space is taken as 114 m® and crew age set at the youngest female. It is assumed that the living
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FIGURE 7. The Stochastic Design Space for a Two Year Mars Mission for Two Highly Efficient Shield Materials.

space is a right circular cylinder 2.2 m high. Assuming the walls to be a pressure vessel containing either liquid
hydrogen (LH2) or hydrogenated graphite nanofibers with herringbone structure (HGNF) the design mass as a
function of age is shown in figure 7. Although this is not the exact geometry and only the shield wall is represented
we see a large impact of uncertainty on the design.

In our prior studies of optimization using nominal risk coefficients, only the LH2 and HGNF showed promise as a
shield material for such long duration missions in deep space. Recalling that HGNF is a factor of 4 to 6 more
efficient at protecting the astronaut than aluminum (Wilson et al. 2001) it is clear that few material options are
available for future space mission and other methods such as biological countermeasures will play a pivotal role. At



the very minimum from an engineering design point of view, reliability based methods must be implemented to
accurately portray the shielding component of risk mitigation in mission design.

DISCUSSION

Protecting the astronaut from the adverse effects of space radiation will require a triage of which shielding is only
one aspect. Since the radiation within the cabin space is the initiating insult the cabin shield effectiveness is the first
line of mitigation of adverse health effects. Because of the great uncertainty in biological response will be with us
into the foreseeable future, reliability based design methods will play a pivotal role in mission analysis and design.
As such there are several requirements that supporting computational software will have to meet.

The computational procedures will have to provide the distribution of dose in specific tissues as a function of LET in
order to have a sensible implementation of reliability based methods. The evaluation of the tissue specific dose
distribution will have to be implemented so as to allow rapid evaluation of design options to enable optimization
processes. If stochastic computational procedures are used then great care must be given to assuring that the
biological important but rare events are represented to high statistical accuracy and that statistical noise in solution
be eliminated to assure compatibility with gradient driven optimization procedures. Statistical noise cannot be
allowed to drive autonomous optimization procedures to false solutions.

CONCLUSIONS

We have examined an approach to introduce reliability based design methods into shield evaluation as a means to
assess and control the uncertainties in shield design. Application to a Mars mission displays a large impact on the
design outcome. Computational procedures based on deterministic solution of the Boltzmann equation are well
suited for such procedures allowing optimization processes to be implemented, evaluation of biologically important
rare events, and rapid analysis of possible shield optimization outcomes resulting from the biological model
uncertainty parameter space. Shield design studies based on nominal biological response models are highly
questionable in their result and may lead to designs in which astronaut risk are much higher than anticipated on the
basis of such models. Reliability based methods result in designs for which astronaut risk within the limitations of
current knowledge is well controlled in the design process.
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